The α-aminoketone 1,4-diamino-2-butanone (DAB), a putrescine analogue, is highly toxic to various microorganisms, including Trypanosoma cruzi. However, little is known about the molecular mechanisms underlying DAB's cytotoxic properties. We report here that DAB (pK a 7.5 and 9.5) undergoes aerobic oxidation in phosphate buffer, pH 7.4, at 37°C, catalyzed by Fe(II) and Cu(II) ions yielding NH 4 + ion, H 2 O 2 , and 4-amino-2-oxobutanal (oxoDAB). OxoDAB, like methylglyoxal and other α-oxoaldehydes, is expected to cause protein aggregation and nucleobase lesions. Propagation of DAB oxidation by superoxide radical was confirmed by the inhibitory effect of added SOD (50 U ml
The α-aminoketone 1,4-diamino-2-butanone (DAB), a putrescine analogue, is highly toxic to various microorganisms, including Trypanosoma cruzi. However, little is known about the molecular mechanisms underlying DAB's cytotoxic properties. We report here that DAB (pK a 7.5 and 9.5) undergoes aerobic oxidation in phosphate buffer, pH 7.4, at 37°C, catalyzed by Fe(II) and Cu(II) ions yielding NH 4 + ion, H 2 O 2 , and 4-amino-2-oxobutanal (oxoDAB). OxoDAB, like methylglyoxal and other α-oxoaldehydes, is expected to cause protein aggregation and nucleobase lesions. Propagation of DAB oxidation by superoxide radical was confirmed by the inhibitory effect of added SOD (50 U ml
) and stimulatory effect of xanthine/xanthine oxidase, a source of superoxide radical. EPR spin trapping studies with 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) revealed an adduct attributable to DMPO-HO
• , and those with α-(4-pyridyl-1-oxide)-N-tert-butylnitrone or 3,5-dibromo-
4-nitrosobenzenesulfonic acid, a six-line adduct assignable to a DAB
• resonant enoyl radical adduct. Added horse spleen ferritin (HoSF) and bovine apo-transferrin underwent oxidative changes in tryptophan residues in the presence of 1.0-10 mM DAB. Iron release from HoSF was observed as well. Assays performed with fluorescein-encapsulated liposomes of cardiolipin and phosphatidylcholine (20:80) incubated with DAB resulted in extensive lipid peroxidation and consequent vesicle permeabilization. DAB (0-10 mM) administration to cultured LLC-MK2 epithelial cells caused a decline in cell viability, which was inhibited by preaddition of either catalase (4.5 μM) or aminoguanidine (25 mM). Our findings support the hypothesis that DAB toxicity to several pathogenic microorganisms previously described may involve not only reported inhibition of polyamine metabolism but also DAB pro-oxidant activity. © 2011 Elsevier Inc.
Similar to 5-aminolevulinic acid (ALA), a heme precursor implicated in acquired and inborn porphyria [1, 2] , and aminoacetone (AA), a threonine and glycine catabolite suggested to be related to diabetes manifestations [3, 4] , the microbicide 1,4-diamino-2-butanone (DAB) bears an amino group vicinal to a carbonyl group (Scheme 1), rendering DAB prone to fast enolization and subsequent metal-catalyzed oxidation by dissolved dioxygen. Reactive oxygen species, ammonium ions, and α-oxoaldehydes are the main products of ALA and AA chemical oxidation [5] [6] [7] . α-Oxoaldehydes such as 3,4-dioxovaleric acid and methylglyoxal, produced by ALA and AA, respectively, have been shown to be highly cytotoxic and genotoxic electrophiles [6, 8] . They partake in electrophilic attack on amino groups of proteins and nucleobases yielding Schiff bases, Maillard adducts, and ethane DNA adducts, which are putative biomarkers of oxidative and carbonyl stress in agingrelated diseases and diabetes [9, 10] . Protein aggregation and dysfunction due to cross-linking with these reactive dicarbonyls may underlie the clinical manifestations of such disorders.
Recently DAB has been reported to be toxic to several pathogens, including Trypanosoma cruzi, the etiologic agent of Chagas disease [11] . Other pathogenic microorganisms reported to be affected by DAB include Leishmania amazonensis [12] , Giardia lamblia [13] , and Tritrichomonas foetus [14] . It is thought that the major effect of DAB upon microorganisms is the inhibition of ornithine decarboxylase (ODC; K i =0.9 μM), the enzyme that catalyzes the first step in polyamine biosynthesis culminating in cell arrest [15, 16] . Polyamines have long been known to play fundamental roles in growth, development, cellular differentiation, macromolecular stabilization, and apoptosis [17, 18] .
Here, we report that DAB undergoes metal-catalyzed aerobic oxidation in phosphate buffer to yield an α-oxoaldehyde and reactive oxygen species (ROS), which could drive oxidative damage to added ferritin, apo-transferrin, and biomimetic liposomes. Superoxide radical is shown to propagate the oxidation of DAB to 1-imino-4-amino-2-butanone, whose hydrolysis yields 4-amino-2-oxobutanal (oxoDAB) and NH 4 + ion. As expected from Schiff-type additions, further formation of a pyrrole adduct of oxoDAB with remaining DAB is demonstrated. Finally, DAB is shown to promote oxoDAB-and ROS-mediated loss of epithelial cell viability, revealing a mechanism that may contribute to the reported DAB toxicity to pathogenic microorganisms.
Materials and methods

Materials
DAB, Chelex-100, diethylenetriaminepentaacetic acid (DTPA), desferrioxamine, bovine blood Cu,Zn superoxide dismutase (SOD), horse spleen ferritin (HoSF), bovine apo-transferrin, bovine liver catalase (CAT), ammonia diagnostic kit, FeSO 4 , CuSO 4 , xanthine, bovine milk xanthine oxidase, mannitol, semicarbazide, N-acetyl-L-cysteine (NAC), 5,5-dimethyl-1-pyrroline-1-oxide (DMPO), α-(4-pyridyl-1-oxide)-Ntert-butylnitrone (POBN), Triton X-100, phosphatidylcholine, and cardiolipin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid, NaOH, Na 2 HPO 4 ·12H 2 O, NaH 2 PO 4 ·H 2 O, and NaCl were supplied by Merck (Darmstadt, Germany). The spin trap 3,5-dibromo-4-nitrosobenzenesulfonic acid (DBNBS) was prepared as previously described [19] . All other chemicals were of analytical grade. DAB stock solutions were prepared with degassed 18 MΩ Milli-Q water and kept under nitrogen atmosphere. All buffers were pretreated with Chelex-100.
Oxygen consumption
Oxygen uptake was measured using a Clark-type electrode in a sealed glass chamber (Hansatech Instruments Ltd, Norfolk, UK). All experiments were carried out in air-equilibrated 100 mM phosphate buffer, pH 7.4, at 37°C.
EPR spin trapping experiments
EPR spectra of DMPO, POBN, and DBNBS spin adducts were recorded in a Brucker EMX spectrometer at room temperature. All spectra were recorded after 20 min of reagent incubation in 100 mM phosphate buffer, pH 7.4, at 25°C. The instrumental conditions were as follows: microwave power, 20.21 mW; modulation amplitude, 0.15 mT; time constant, 164.84; and gain, 1.12 × 10 6 .
UV-Vis and fluorescence spectral analyses DAB decay at 37°C was monitored in the region of 200 to 500 nm in a Varian Cary 50 Bio UV-Vis spectrophotometer (Australia Pty Ltd) and spectrofluorimetrically using SpexFluorolog 1681 equipment (Horiba Scientific, Ann Arbor, MI, USA). Ferritin and apo-transferrin were incubated with 1.0-10 mM DAB in 100 mM phosphate buffer, pH 7.4, at 37°C. Tryptophan fluorescence data were obtained at 280/345 nm after 2 h incubation using a Spectra Max M2 e microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Product analysis
DAB oxidation products from 3.0 mM DAB in air-equilibrated 100 mM phosphate buffer, pH 7.4, at 37°C, under agitation for 2 h, were analyzed by HPLC. Products were separated using a Waters HPLC system (Waters Corp., Milford, MA, USA) equipped with a photodiode array detector and a fluorescence detector. The HPLC conditions were adapted from Itakura et al. [20] as follows: isocratic mobile phase methanol:water (10:90, v/v) with 0.2% acetic acid, Supelco column C 18 (250 × 4.6 mm, 5 μm particle size), flow rate 0.70 ml min Ammonia was assayed spectrophotometrically in the final reaction mixture using a commercial kit (Ammonia Diagnostic Kit; Sigma) based on the NADPH-dependent enzymatic amination of α-oxoglutarate.
Ferritin iron release
Horse spleen ferritin was purified on Sephadex G-25 as described by Oteiza et al. [21] to remove loosely bound iron. Protein concentration was determined by the classic method of Bradford [22] . Iron released by DAB from ferritin was followed by measuring the increase in absorbance at 530 nm due to chelation of Fe(II) by bathophenanthroline sulfonate (A 530 = 22.14 cm
). Experimental conditions were 1.0 mM bathophenanthroline sulfonate and 2.5 mg ml − 1 HoSF in 100 mM phosphate buffer, pH 7.4, at 37°C, in the presence of 1.0-10 mM DAB with or without 5-400 U ml − 1 SOD, incubated for 2 h.
Lipid peroxidation
Liposomes made from phosphatidylcholine:cardiolipin (80:20) were prepared by sonication according to Oteiza and Bechara [23] . To evaluate the effects of DAB on lipid peroxidation, 0.60 mM phospholipid was incubated in 100 mM phosphate buffer, pH 7.4, at 37°C, for 60 min, in the presence of 1.0-5.0 mM DAB and 3 μM Fe(II)EDTA or Cu(II). The reaction was stopped by addition of 4% (final concentration) tertbutylated hydroxytoluene. Lipid peroxidation was determined by HPLC using fluorimetric detection of thiobarbituric acid-malondialdehyde (TBA-MDA) adducts against a standard curve obtained with 1,1,3, 3-tetramethoxypropane [24, 25] , after minor modification as follows. The separation was achieved using a Supelco column C 18 (250× 4.6 mm, 5 μm particle size) and a mobile phase made from KH 2 PO 4 -KOH (5 mM, pH 7.0) and methanol (50:50 v/v), with a flow rate of 0.7 ml min − 1 . The TBA-MDA adduct was monitored at λ ex = 515 nm and λ em = 553 nm.
5(6)-Carboxyfluorescein (CF) was encapsulated into phosphatidylcholine:cardiolipin liposomes (80:20) prepared by sonication according to Oteiza et al. [23] , under self-quenching conditions (0.10 M). CF release from DAB-treated liposomes was measured as the increase in fluorescence at 550 nm (excitation 490 nm) due to dilution of the probe in the external medium. Liposomes (0.60 mM phospholipids) were incubated in 100 mM phosphate buffer, pH 7.4, at 37°C, for 24 h. Complete release was obtained by addition of Triton X-100 (0.2% final concentration). CF release was calculated as (F 1 /F 0 ) × 100, where F 1 is the fluorescence at 550 nm in the absence of Triton X-100, and F 0 is the fluorescence at 550 nm in the presence of Triton X-100.
Cell culture and treatments
LLC-MK2, a monkey kidney epithelial cell line, was maintained in minimum essential medium (MEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Cultilab, Campinas, SP, Brazil) at 37°C and 5% CO 2 . For cell viability assays, LLC-MK2 cells were seeded in a 24-well plate at a density of 5 × 10 4 cells/well 24 h before the treatments. Cell viability was determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich). Viability was determined by the level of reduced MTT measured at 570 nm, expressed as a percentage of the control as a reference. 
Statistical analysis
Data represent at least three independent experiments, expressed as means ± SD. The Student t test or ANOVA was employed for statistical analysis, using a significance of p b 0.05.
Results
Oxygen uptake
Addition of DAB (3.0 mM) to normally aerated 100 mM phosphate buffer ([O 2 ]~200 μM [26] ), pH 7.4, immediately triggers oxygen consumption (Fig. 1, curve a) . Maximum oxygen uptake rates (k obs , s − 1 ) respond linearly to the increase in DAB concentration (1.0-5.0 mM) and allow the calculation of an apparent second-order rate constant, k 2 , as 0.100 ± 0.007 M − 1 s − 1 ( Fig. 1, inset ). The addition of desferrioxamine or DTPA (1.0 mM) to the system inhibited oxygen consumption by DAB ( Fig. 1 , curves b and c), suggesting the presence of contaminant metals that are putatively able to catalyze oxidation reactions by dioxygen [27] . Accordingly, medium supplementation with 3.0 or 10 μM Fe(II)EDTA or 3.0 μM aqueous Cu(II) resulted in the acceleration of oxygen consumption by DAB ( Fig. 1 , confirms (Fig. 2, curve c) the ability of O 2
•− ions to abstract one electron from DAB, thus initiating and propagating the oxidative reaction. Previously, Machino and Fridovich [29] reported that dihydroxyacetone phosphate oxidation by dioxygen, a reaction propagated by superoxide radical, is triggered upon addition of xanthine/xanthine oxidase as well. That H 2 PO 4 − ion acts as an bifunctional acid-base catalyst of DAB enolization, as previously found for ALA [30] and AA [5] , is supported by the increasing rates of oxygen uptake measured at higher concentrations of phosphate (Fig. 3B ) [31] . Enolates are known to be more easily oxidized than the corresponding carbonyl forms [32] . The bell-shaped pH profile of DAB oxidation peaks at roughly 7.8, probably reflecting the overlap of two titration curves: the ascendant portion is probably due to DAB acid dissociation (pK a = 7.5; inset, ; and GSH, 1 mM. ) addition slightly decreased the EPR signal, and CAT (4.5 μM) completely abolished the signal from both iron-(not shown) and copper-containing (Fig. 4A) systems, which stresses the role of hydroxyl radical as a key DAB-oxidizing intermediate [7, 34] .
Spin trapping experiments with POBN revealed a stable major sixline signal with α N = 1.5 mT, α H = 0.19 mT (Fig. 4B ) that can be attributed to a carbon-centered radical [33] , probably the resonant enoyl radical NH 2 CH
• COCH 2 CH 2 NH 3 + , as previously showed by Monteiro et al. when studying another α-aminoketone, namely ALA [30] . A minor six-line signal with α N = 1.5 mT, α H = 0.32 mT also appears, which is tentatively assigned to the POBN adduct formed by trapping the oxygen-centered resonant form of the DAB enoyl radical species. Contribution of the two canonic forms of the DAB resonant enoyl radical to the EPR spectrum is simulated in Fig. 4B . Therein, the time course of the EPR spectra shows slow increase in the minor DAB adduct. Hyperfine coupling constants of POBN adducts with carboncentered and oxygen-centered radicals are long known to exhibit similar values [33] . The concentration of the major POBN-DAB • radical adduct increases upon increasing the DAB concentration when in presence of Fe(II)EDTA (Fig. 4C) . No EPR signal was detected in the absence of metal. Additionally, the concentration effect of DAB in the Cu(II)-catalyzed reaction was not as intense as that observed with Fe (II)EDTA. Addition of SOD (50 U ml − 1 ) decreased partly the signal amplitude, whereas CAT (4.5 μM) completely abolished the EPR signal. These data support the hypothesis that both superoxide and hydroxyl radicals contribute to formation of the DAB enoyl radical.
On the other hand, DBNBS spin trapping studies endorsed the formation of a carbon-centered radical, characterized by a six-line spectrum with α N =1.21 mT, α H =0.48 mT (Fig. 4D) . Accordingly, the EPR signal was intensified upon increasing the concentration of DAB and attenuated when SOD or CAT was added (data not shown). A similar EPR spectrum was obtained for a putative DBNBS-ALA
• radical adduct [36] .
The observed asymmetry of the EPR spectrum depicted by Fig. 4D may be due to the presence of yet unidentified minor radicals.
Product analysis
Like ALA and AA [5, 30] , DAB produces NH 4 + ion by oxidation at 3.0 mM in normally aerated 100 mM phosphate buffer, pH 7.4, at 37°C, after 2 h incubation: 100 ± 20 μM (n = 9) from DAB alone, 140 ± 10 μM (n =9) from DAB plus 3 μM Fe(II)EDTA, and 220 ± 20 μM (n =9) from DAB plus 3 μM Cu(II). The NH 4 + concentration values produced in the presence of different catalysts are statistically different (p b 0.05; ANOVA) and are expected to be limited by the concentration of dissolved oxygen, known to be approximately 200 μM in 100 mM phosphate buffer at 37°C [26] . When studied in pure oxygen-purged buffer, the NH 4 + concentration in the final reaction mixture of the Cu(II)-catalyzed system was threefold higher (570± 50 μM, n = 9) than in airequilibrated buffer, compared to 70± 10 μM (n = 9) under argon. The product expected from DAB oxidation, the α-oxoaldehyde oxoDAB, was not detected by HPLC analysis after derivatization with 1,2-benzenediamine [35] . Instead, as predictable by oxoDAB Schiff condensation with excess DAB, pyrrole derivatives were found by HPLC and MS analyses as shown below. Fig. 5A shows the HPLC traces at 275 and 310 nm of DAB oxidation products after 2 h incubation in Fe(II)EDTA-containing phosphate buffer (Fig. 5A, inset ). Three fractions with retention times of 4.1, 4.4, and 5.8 min were collected, corresponding to compounds with λ max at 310, 275, and 310 nm, respectively. The HPLC/fluorescence detection traces allowed the product collected at 4.1 min to be identified as efficiently fluorescent compared to the others (λ ex = 326 nm and λ em = 412 nm, Fig. 5B, inset) .
The fractions collected under the HPLC peaks were analyzed by mass spectrometry using direct infusion in the EPI mode (Figs. 6A, B , and C). The fraction collected at 4.1 min revealed the presence of an abundant ion with m/z 183, and a minor ion with m/z 167, whereas that collected at 5.8 min showed an m/z 187 ion as the major component, a significant concentration of the m/z 183 ion, and a minor ion with m/z 167. Finally, the fraction collected at 4.4 min (λ max = 326 nm) contains the molecular ion m/z 167 and a minor ion with m/z 183 (Fig. 6C) 
Oxidative damage to liposomes and proteins
Previous studies showed that superoxide and enoyl radicals generated by AA and ALA aerobic oxidation are able to liberate Fe (II) ion from HoSF [5, 36] . Here, similar results were obtained by exposing ferritin to DAB (Fig. 7A) . Iron release increased upon raising the DAB concentration and time of exposure. Accordingly, addition of 5-400 U ml − 1 SOD to 3.0 mM DAB inhibited the initial rate of iron release by maximally 30% (Fig. 7B ).
Upon treatment with DAB, quenching of tryptophan residue fluorescence from HoSF and apo-transferrin was observed (Fig. 8) . A major quenching effect was observed in tryptophan residues of apotransferrin compared with HoSF. This is probably because tryptophan residues are more exposed in apo-transferrin than in ferritin [37] .
Apo-transferrin was incubated with DAB in the presence and absence of Fe(II)EDTA or Cu(II) (Figs. 8A and B) . Curiously, in comparison with the Cu(II)-containing system, the apo-transferrin incubation with Fe(II) EDTA showed a higher loss of tryptophan residue fluorescence. Fig. 9 summarizes the data obtained from the studies of DAB-induced liposome peroxidation, which was enhanced by addition of either Fe(II) EDTA or Cu(II). Relative fluorescence increased during 24-h incubation, indicating release of carboxyfluorescein into the medium. Although the experiments to evaluate lipid peroxidation by MDA determination and liposome permeabilization were carried out at different incubation times, a linear correlation between the two methods was observed (p b 0.05, R 2 =0.928). 
Cytotoxicity to culture cells
A pro-oxidant activity of DAB was examined in an in vivo system by investigating the cytotoxicity of DAB in LLC-MK2 cells, a rhesus monkey kidney epithelium cell line. The viability of these cells was dramatically affected by DAB treatment, which was evaluated as IC 50 ca. 1.5 mM DAB upon 24 h incubation. As expected, the DAB toxicity was lower at shorter incubation times (Fig. 10A) .
For comparison, the oxidative action of DAB was assessed by addition of the DAB oxidation product H 2 O 2 (50-200 μM) and methylglyoxal (0.25-1.0 mM), an α-oxoaldehyde analogue of oxo-DAB, to the cell cultures. A decline in cell viability was induced by H 2 O 2 and methylglyoxal in LLC-MK2 cells at concentrations in the same range as those expected from DAB oxidation products in aerated medium, in which dissolved oxygen is ca. 200 μM (Fig. 10B) . These data suggest that DAB cytotoxicity to mammalian cells can be attributed to oxidative stress. Accordingly, supplementation of cell medium with CAT (4.5 μM) or aminoguanidine (25 mM), a scavenger of α-oxoaldehydes [38] and inhibitor of polyamine/diamine oxidases [39] , provided significant protection of the cells against DAB toxicity (Fig. 10C) . Addition of NAC, a thiol reductant, inhibited DAB-promoted loss of cell viability. There was little involvement of superoxide, however, as SOD supplementation had no effect on cell viability (Fig. 10C) .
Discussion DAB, a diamino analogue of putrescine, is a competitive inhibitor of ODC in several pathogenic microorganisms such as T. cruzi [11] , L. amazonensis [12] , G. lamblia [13] , Entamoeba invadens [40] , Aspergillus nidulans [15] , and Candida albicans [41] . Therefore, administration of millimolar DAB to several types of cells is expected to cause a significant decrease in polyamine contents, consequently leading to a notable decline in cell proliferation [11] [12] [13] . Accordingly, DAB reportedly promotes cell architecture disorganization, mitochondrial dysfunction, and increased lipid peroxidation [11, 13] . In this context, it is important to clarify the relationship of DAB cytotoxicity and oxidative stress.
We demonstrate here that DAB undergoes metal-catalyzed oxidation propagated by O 2
•− yielding oxyradicals (Figs. 1-4 ), NH 4 + ion, and oxoDAB, a potentially cytotoxic α-oxoaldehyde [42] (Scheme 2). This reaction is preceded by phosphate-catalyzed DAB enolization (Fig. 3A) . In vivo, one can predict an electrophilic attack of oxoDAB on proteins and DNA [10] followed by covalent modification ultimately leading to loss of protein function and DNA mutation, respectively. This hypothesis is supported here by Schiff conjugation of oxoDAB with DAB itself to pyrrolone derivatives, as demonstrated by HPLC-MS studies (Figs. 5 and 6 ). The rates of oxygen consumption by DAB in the presence of transition metal ions (Figs. 1 and 3B ) indicate that the reaction in the presence of Cu(II) is at least three times faster than with the same concentration of Fe(II)EDTA. The observed higher inhibition by added SOD or semicarbazide, both efficient superoxide radical scavengers, in the Fe(II)EDTA-catalyzed DAB than with Cu(II) is consistent with a superoxide-propagated process (Table 1) . Similar effects of SOD and CAT in the iron-catalyzed oxidation of AA and ALA have been observed previously as well [5, 30] . In turn, the observed inhibitory effects of CAT and GSH on metal-catalyzed DAB oxidation indicate that H 2 O 2 plays a more important role in the Cu(II)-catalyzed reaction than in that with Fe(II)EDTA, perhaps because of higher superoxide dismutation catalyzed by Cu(II) [43] (Scheme 2). Probably, oxidation of enol DAB in presence of Fe(II)EDTA or Cu(II) occurs by two contributing mechanisms. Two-electron transfer from a DAB-Cu(I) complex to dioxygen producing H 2 O 2 prevails with copper, whereas the DAB-Fe (II) complex would transfer just one electron to dioxygen to form superoxide radical, one of the propagation intermediates and a source of H 2 O 2 by dismutation. In both cases, DAB enoyl radical is formed and consumed by dioxygen, thus propagating the reaction. Accordingly, SOD inhibits iron-catalyzed oxygen consumption but exhibits little effect on the presence of copper.
The EPR spin trapping experiments with DMPO ( Fig. 4A ) confirm the hypothesis of superoxide and hydroxyl radical production by DAB oxidation. The slight effect of SOD and remarkable inhibition by CAT on the amplitude of the four-line EPR signal characteristic of a DMPO-HO We also show here that DAB induces oxidative damage to liposomes and iron-carrier proteins, namely ferritin and transferrin. Acquiring iron is a fundamental step in the development of a pathogen [44] . All iron that protozoan parasites need for growth is delivered by transferrin or ferritin of the host cells [45] . Ferritin is an iron-storage protein that functions in iron homeostasis and detoxification by sequestering iron within its core [46, 47] . We suggest that DAB enoyl radical is the main agent of Fe(II) release from ferritin because increasing amounts of SOD added to the reaction mixture reached a plateau at 30% inhibition (Fig. 7B ). This was also verified when conducting similar experiments with AA and ALA [5, 36] . Furthermore, α-aminoketones reportedly promote structural damage to the ferritin structure, leading to loss of α-helix content and concomitant decrease in ferroxidase activity and tryptophan fluorescence intensity [48, 49] . DAB-induced decay of tryptophan fluorescence of apo-transferrin, a crucial protein synthesized to bind excess iron in the blood circulation, was also observed (Figs. 8B and C) [50] . The observed higher quenching of tryptophan fluorescence in apo-transferrin than in ferritin may result from the facts that (i) apo-transferrin (80 kDa) is much smaller than ferritin (460 kDa), implying that its tryptophan residues are more exposed to the medium, and (ii) the absence of iron in apo-transferrin contributes positively to the quantum yield of fluorescence of its tryptophan residues [37, 51] .
Possible pro-oxidant activity of DAB was tested on the viability of LLC-MK2 mammalian cells exposed to the toxicant. A mammalian cell line was chosen as a first step to further investigate the microbicide action of DAB on the same cell line infected with T. cruzi DAB showed to be cytotoxic to the cell cultures with an IC 50 value of 1.5 mM during 24 h incubation (Fig. 10A) . That the DAB oxidation products are implicated in the observed cytotoxicity was demonstrated by the protective effect of added CAT and aminoguanidine (Fig. 10C) . Considering that the DAB oxidation rate constant measured in vitro is low (k 2 app =0.10 M − 1 s
, it is possible that internalized DAB is preferentially oxidized by polyamine/diamine oxidases present in the cell [13, 52] . Accordingly, polyamine/diamine oxidases catalyze the oxidative deamination of biogenic amines and polyamines generating stoichiometric amounts of H 2 O 2 , NH 4 + and a correspondent aldehyde, which are able to induce cell death in several cell lines [53] . The putative pro-oxidant effects of DAB reported here rely on the fact that ODC is a tightly regulated and shortlived enzyme (lifetime in the range 10-20 min) in mammalian cells [54] , which thereby may minimize the effect of DAB as an ODC inhibitor.
Menezes et al. [11] and Maia et al. [13] reported that DAB administration to T. cruzi epimastigotes and to G. lamblia cultures inhibits cell proliferation, increases the extent of lipid peroxidation, induces remarkable mitochondrial destruction, and promotes cell architecture Scheme 2. Chemical mechanism proposed for metal-catalyzed DAB aerobic oxidation. Fig. 7 . DAB effect on iron release from ferritin. HoSF (2.5 mg ml disorganization. Further studies are demanded to clarify the mechanism and organelle targets of DAB toxicity and pro-oxidative effects on T. cruzi cells. Here we show that DAB indeed causes peroxidation and permeabilization of biomimetic vesicles and covalent modifications of ferritin and apo-transferrin. Chemical damage to other proteins, DNA, and membranes by DAB as well as alterations in iron and copper homeostasis probably related to mitochondrial permeabilization can be anticipated for DAB from previous studies carried out with ALA and AA [6 and references therein]. In conclusion, we hypothesize that DAB is toxic to a different sort of cells, including mammalian cells, not only by interfering in their polyamine biosynthesis but also by altering their redox balance. 
